This paper proposes and investigates an implantable circularly polarized (CP) antenna with an enhanced gain. The proposed antenna consists of a pin-loaded patch and via walls around the patch. The pin-loaded patch has a pair of orthogonal normal modes instead of degenerated modes, and two open-ended slots etched on the patch make resonant frequencies of the two modes close and introduce a 90-deg phase difference. The via walls protect the antenna against a gain loss due to lossy tissues. Simulation results show that the proposed antenna has impedance and CP bandwidths of 23.1% and 12.8%, and a gain improvement of 1.5 dBi due to the via walls. Finally, the proposed antenna is fabricated and measured, and measured results agree well with simulated one.
I. INTRODUCTION
Implantable devices are intended for diagnosing and treating diseases or monitoring physiological parameters of human body, thus improving people's life quality. As one of the most important components for implantable devices, antenna can transmit data inside human body to the outside wirelessly, freeing patients from constrains of wires and regular visits to hospitals. Therefore, the research on implantable antennas is of great importance.
Due to the implantable antenna's uncertain orientation with respect to the external receiver, circular polarization (CP) is often required. Additionally, the antenna's strict size constraint leads to low radiation efficiency. Furthermore, due to the loading of lossy human tissues, large power loss is induced during transmission, further weakening the telemetry capability. In a word, CP property and gain enhancement are essential for implantable antenna.
To realize compactness, low profile and wideband CP performance for implantable antennas, patch antenna with single The associate editor coordinating the review of this manuscript and approving it for publication was Hassan Tariq Chattha . feed has drawn extensive attention [1] - [11] . As analyzed in [1] , the high loss of human tissue leads to low quality factor of antenna, which means wide CP bandwidth can be achieved inside human tissue. Consequently, the commonly known drawback of narrow bandwidth for patch antenna operating in air can be overcome for implantable applications. And those traditional methods for CP are now adopted in implantable applications, such as truncating the corners [1] - [4] , adding protruding slits [5] - [7] , introducing complementary splitring resonator [8] , or loading shorting pins [9] - [11] . In most of these works, two degenerated modes, mostly TM 01 and TM 10 mode, were excited to achieve CP performance, while others of these works, the two modes giving rise to the CP property were not discussed.
On the other hand, it is also important to find a way to increase the gain of implantable antenna. In previous literature studies, different methods were proposed for gain enhancement [12] - [15] . One is modifying the radiation part of implantable antenna such as using partial meandering structure [12] . Another is introducing external structures, such as lens and parasitic ring [13] or periodic structures [14] . However, the former approach is not a universal one due to the introduction of cancelling currents in close proximity, and the latter leaves partial antenna system outside a patient's body. In [15] , an alternative technique was proposed by using metamaterial array to enhance the gain, which increases the structure complexity nonetheless.
In this paper, a pin-loaded patch antenna is proposed at Industrial, Scientific and Medical (ISM, 2.4-2.48 GHz) band for biomedical applications. To realize CP property, a new method is put forward, where two non-degenerated orthogonal modes are used and combined by etching two openend slots on pin-loaded patch. In this way, miniaturization is obtained compared to traditional patch CP antenna. Although shorting pins and slots have been studied to realize CP performance in previous works [10] - [11] , the brought up of these two non-degenerated orthogonal modes is for the first time.
Additionally, to improve antenna gain towards boresight, while maintaining its CP performance, via walls are adopted to shield the antenna from the surrounding tissue. Such method can also be widely applied to the design of most antennas in lossy tissue, without additional design procedure.
II. ANTENNA DESIGN AND ITS PERFORMANCES A. PIN-LOADED PATCH ANTENNA
It is known that to achieve CP property of a rectangular patch antenna, one of the most common approaches is to excite two degenerated TM 01 and TM 10 modes, which means both the width and length of the patch must be close to half guided wavelength. Now if we wish to reduce the antenna size by decreasing the patch's width (along x-axis) to be less than half the original case, TM 01 and TM 10 mode will be separated far way apart, with the first two modes changing to TM 01 and TM 02 . As shown in Fig. 1(a) , when a patch with a dimension of x 1 × y 1 (x 1 ≤ y 1 /2) is located on the center of a ground plane (size: g x × g y ), half guided wavelength resonance f 1 is achieved for TM 01 mode, while one guided wavelength f 2 is achieved for TM 02 mode. In this case, f 2 is about twice of f 1 , and the main beam points to boresight for TM 01 mode, whereas there's a null for TM 02 mode, thus these two modes cannot give rise to CP property.
In order to generate orthogonal electric fields while maintaining antenna compactness, two shorting pins are placed at two corners along y axis, and the current distributions of first two modes are shown in Fig. 1(b) . For both modes, it's evident that two electric nulls are introduced, guiding strong currents flowing in or out of pins. The difference is that, for consequently forming a combined current pointing along x axis. Meanwhile, longer current path is obtained than that of patch without pins, leading to lower f 1 than f 1 . For mode 2, the currents around two shorting pins cancel out with each other due to opposite directions, and the remaining currents in the middle of the patch are pointing along y axis. Also, from the denoted current path of mode 2, we can deduct that a lowered f 2 than f 2 is achieved. To be specific, if x 1 , y 1 , g x and g y is assumed to be 4, 11.6, 9.6 and 17 mm, f 1 and f 2 would be 4.15 and 8.15 GHz, respectively. When two pins with diameter of 0.4 mm are loaded, f 1 and f 2 would be lowered to 3.45 and 6.66 GHz, respectively. Besides, the loading of shorting pins contributes to the pattern transformation of mode 2, making the first two modes both radiate into broadside direction. To better illustrate this effect, Fig. 2 shows the radiation patterns at first two resonant frequencies with and without shorting pins. It can be seen that although a little deterioration is observed by comparing the radiation at boresight between 4.15 (f 1 ) and 3.45 GHz (f 1 ), the null disappears at boresight at 6.66 GHz (f 2 ) compared to 8.15 GHz (f 2 ).
According to the discussion above, by introducing two shorting pins on patch antenna, miniaturization as well as broadside radiation is achieved. More importantly, two nondegenerated orthogonal modes can be formed on patch of narrow width, indicating the possibility of CP property if we merge f 1 and f 2 together and introduce a 90-deg phase difference.
B. DESIGN OF IMPLANTABLE ANTENNA WITH CP PROPERTY
With the antenna implanted in tissue, f 1 and f 2 will decrease dramatically, which are still spaced far apart nonetheless. Thus, to realize CP performance, the antenna structure should be modified further. For antenna simulation, it's performed in a muscle box (60 × 60 × 60 mm 3 ) with an embedded depth of 3 mm below the upper surface of muscle tissue, and the tissue's dielectric properties are set fully frequency dependent according to [16] . After optimization in Ansys HFSS, we get to the proposed antenna shown in Fig. 3 , and its detailed parameters are listed in Table 1 . The antenna is fabricated on Rogers 3010 (ε r = 10.2, tanδ = 0.0035) with a thickness of 0.635 mm, which is also used as superstrate for preventing the human body from shorting out the antenna. As can be seen from Fig. 3 , besides two shorting pins (each with a diameter of 0.4 mm), two open-end slots with different lengths are introduced, bringing the first two resonant frequencies (f 1 and f 2 ) together. Meanwhile, a 90-deg phase difference is achieved, giving rise to CP property with wide impedance bandwidth, as shown in Subsection C. It should be mentioned that the length of open-end slot is the key structural parameter that brings in the 90-deg phase difference between E x and E y , leading to the transformation from non-CP to CP status. This phenomenon has been studied in our previous work in [11] .
C. GAIN ENHANCEMENT OF PROPOSED ANTENNA
It is known that when antennas are embedded in lossy material such as human tissue, large amounts of power are dissipated in the near field. And the commonly adopted method to alleviate this adverse effect is to use a superstrate to cover the radiation patch [17] , which is also used in our structure. On the other hand, since the main radiation beam VOLUME 8, 2020 of the implantable antenna is expected to face upwards to outside human body, the radiation in azimuth plane should be weakened in purpose rather than being absorbed by surrounding tissue. Hence, a perfect electric conductor (PEC) shield around the antenna 1.2 mm away from the ground is added as shown in Fig. 4 . It should be noted that the PEC shield is not connected with the antenna's ground plane in case of affecting its impedance match. In this way, the dissipated power in azimuth plane can be partially contained, further increasing the antenna gain towards boresight. Furthermore, for the convenience of fabrication and weight reduction, the PEC shield is substituted with via walls connecting the copper strips located on top and bottom layers of substrate as also depicted in Fig. 4 . The diameter of via is set to be 0.4 mm and the number of pins is 10 and 17 along the edge in x and y direction, respectively.
To evaluate the shielding effect, the comparison of antenna performance with and without shield is given in Fig. 5 . As can be seen from Fig. 5(a) , despite some minor matching differences, three cases have similar |S 11 | and AR, indicating that the antenna alone mainly contributes to the radiation. Besides, the decent range of AR < 3 dB indicates that CP performance is obtained for all three cases.
The advantage of antenna with shield appears at realized gain as shown in Fig. 5(b) . It can be seen that an increment of 1.5 dBi is obtained with the introduction of PEC shield or via walls, which means it is an efficient way to realize gain enhancement while maintaining impedance match and CP property for implantable antennas. Fig. 6 compares the normalized radiation patterns with and without via walls at 2.45 GHz for two principal planes, from which we can see that the beamwith stays the same for both two cases. Besides, RHCP is achieved with a maximum gain pointing at +z direction for both xoz and yoz planes. Additionally, the radiation efficiency is given in Fig. 7 , which shows a similar trend as the gain presented in Fig. 5(b) .
The corresponding current distributions at 2.45 GHz are displayed in Fig. 8 . It shows that the current on patch rotates anticlockwise in a time period, leading to right-handed circular polarization (RHCP). Also, it can be seen that the current on the surrounding via walls is rather weak, proving them take little part in radiation.
III. ANALYSIS AND DISCUSSIONS A. ANALYSIS OF SLOT INFLUENCE
It is noted that there are two open-end slots etched on the patch, one with a longer length of w 3 + l 3 + w 4 + l 4 , while the other with a shorter length of w 2 + l 2 . As mentioned before, the introduction of these two slots brings two resonant modes (f 1 and f 2 ) together, forming a wide impedance bandwidth with wide AR. To better illustrate the effect of slots, the simulated |S 11 | and AR varying with increasing slot length are compared in Fig. 9 . As can be seen in Fig. 9(a) , when only one slot is introduced and lengthened, f 1 appears and moves down with a gradually deteriorating impedance match, while f 2 drops quickly to 3.15 GHz with significant matching improvement. It means that the introduction of open-end slot on patch can bring the first two resonances together as well as attaining size reduction. Besides, with these two resonances getting closer, the AR curve tends to reach 3-dB criterion between two resonances.
In order to bring these two resonances close enough to cover ISM band with CP property, the slot is further lengthened and bended. However, the impedance matching at the first resonance gradually deteriorates. Thus, an additional slot is introduced in close proximity as shown in Fig. 9(b) , leading to the merging of two resonances. Through this, CP performance is attained with wide impedance bandwidth. For the final proposed antenna, simulation results show that a bandwidth of 12.8% is obtained with |S 11 | < −10 dB and AR < 3 dB, covering from 2.41 to 2.74 GHz. However, it should be noted that the quality factor is sensitive to the embedded depth, especially from 0 to 5 mm [2] , therefore the presented AR performance is obtained at the condition of 3 mm embedded depth. Otherwise, re-optimization should be performed.
B. ANALYSIS OF BIO-COMPATIBILITY AND PERFORMANCE STABILITY
During actual applications, other factors that will affect the antenna performance should be considered, such as biocompatibility and tissue variation.
As shown in Fig. 10(a) , to meet the biocompatibility desire for practical applications, Rogers RO3010 (ε r = 10.2) can be replaced by biocompatible alumina (Al 2 O 3 ) ceramic (ε r = 9.8) because their dielectric constants are close in value [5] . As compared in the figure, when alumina ceramic is adopted, frequency shifts to higher band due to the lower of dielectric constant. Even so, wideband CP performance still can be achieved, but the antenna needs further optimization to meet the desired frequency band.
On the other hand, since the dielectric properties vary among different persons, the antenna performance would change accordingly. As compared in Fig. 10(b) , when ε r and σ are varied by deviation of 5%, little changes on |S 11 | and AR are caused, showing stability of antenna performance. 
C. EVALUATION OF SPECIFIC ABSORPTION RATE (SAR)
For safety concern of human body, SAR is evaluated to satisfy the regulation of ANSI/IEEE. Assuming that 1-W power is delivered to the proposed antenna, the simulated maximum 1-g averaged SAR value is 445.7 W/kg at 2.45 GHz. It means that the allowed input power should be decreased to 3.59 mW to reach the IEEE-specified limit of 1.6 W/kg in case of 1-g SAR [18] .
IV. ANTENNA MEASUREMENT
The measurement setup together with fabricated antenna is illustrated in Fig. 11 . During measurement, two different boxes to imitate human tissue are prepared for antenna placement. One plastic box is filled with minced pork, and the other is filled with skin-mimicking gel, whose recipe is 53% sugar and 47% deionized water for ISM band [19] . The measured results compared with the simulated ones are given in Fig. 12 . A measured impedance bandwidth of 23.1% (from 2.22 to 2.80 GHz), and 16.4% (from 2.29 to 2.7 GHz) can be observed in pork and in skin-mimicking gel respectively, while the simulated one is 17.9% (from 2.29 to 2.74 GHz). It is noted that despite some frequency shift, the required ISM band is well covered for both measurement environments.
The main parameters of this work and previous works are compared in Table 2 , where all the antennas operate at 2.45 GHz ISM band. It is noted that in these works, none of them measured radiation patterns and only a few of them gave measured AR curves. Thus, only the simulation results are compared here. As can be found from this table, the proposed antenna has achieved a wide CP bandwidth of 12.8%, which is only second to the work in [2] , whose size is much larger than this work. Besides, when no via walls are added, although the antenna hasn't been optimized to its best performance, it still exhibits advantage on size, as well as CP bandwidth.
V. CONCLUSION
In this paper, a pin-loaded patch antenna with RHCP property is proposed at 2.45 GHz ISM band for implantable applications. Foremost, two non-degenerated orthogonal modes with far away resonant frequencies are generated by loading two shorting pins on rectangular patch. Then, two open-end slots are introduced to merge these two frequencies together and bring in 90-deg phase difference, forming wideband CP performance in muscle tissue. In this way, the antenna size (without via walls) is largely reduced compared to the traditional patch CP antenna, especially the antenna width. Additionally, via walls are established around the patch antenna to weaken the power absorbed by surrounding human tissue. Through this method, the realized gain of the antenna is increased by 1.5 dBi while its impedance matching and AR performance are little affected. From March 2014 to March 2015, he was the Chief Engineer of antenna and feeding system with the East China Research Institute of Electronic Engineering. In July 2015, he joined the Research Center of Applied Electromagnetics, School of Electronic and Information Engineering, Nanjing University of Information Science and Technology, where he has been an Associate Professor, since July 2018. His main research interest includes implantable, wearable antennas, and wireless power transfer for biomedical applications.
